Long bubble tracks, <1 mm in diameter, have been produced in liquid argon and nitrogen with a nitrogen laser beam (h = 337 nm), offering subnanosecond pulses with small beam divergence. Bubble formation was observed over a wide range of operating conditions, including those for ordinary bubble chamber operation, with a laser pulse of 10 #J. Typical bubble densities obtained were 4-8 bubbles/cm, with maximum densities of 20 bubbles/cm. In liquid hydrogen, tracks of 3 m visible length were observed with track diameters from 1.5 to 6 mm and bubble densities from 2 to 25 bubbles/cm. Results and applications will be discussed.
Introduction
The basic aim of this work was to produce thin tracks in bubble chambers by short laser pulses. Such a technique could find various applications: production of fiducial lines, study of bubble growth for small bubbles, tagging of events and performance studies of rapid cyclicng and holographic bubble chamber.
Many years ago, the possibility was discussed of providing fiducial lines by a laser beam, especially in large bubble chambers [1 ] , for monitoring optical distortions and bubble migration. At the other end of the scale, great progress in small bubble chambers with high resolution optics and holographic techniques has been prompted by the interest in lifetime measurements for short lived particles [2] . This work calls for better knowledge of bubble growth parameters for small diameters. 8/am bubbles have been photographed with only 7/~s flash delay but little is known about bubble growth rates for diameters below 40 gin. Such studies require a well localized beam with small time jitter.
Another application could be foreseen in a large argon bubble chamber [3] . This liquid offers very interesting features: high electron mobility and efficient scintillation. If the scintillation pulse can be used for triggering, the laser beam -fired with very short delay-may provide a reference track to tag the event by producing the same bubble diameters.
Two groups have published results on bubble formation along laser beams in bubble chambers filled with CF3Br [4, 5] . It was assumed that bubble forma-0029-554X/81/0000-0000/$02.50 © 1981 North-Holland tion was initiated on small dirt particles. Pulses of 30-600/as duration and 20-200 mJ produced beam diameter of ~10 mm and bubble densities of a few 10-2 bubbles/mm 3"
For the application we have in mind, beam diameters of 1 mm with ~1 bubble/mm a and much shorter pulse durations are required. A nitrogen laser was, therefore, used which had been developped to pro, duce thin ionization tracks in gases with good time definition [6] . It delivers 0.1 mJ in 0.5 ns with beam cross section of 1 × 2 mm 2 and 0.8 mrad divergence. We will describe the experimental arrangement and the results obtained in argon and nitrogen, with only 10/aJ delivered to the liquid.
Experimental arrangement
The experimental arrangement is shown in fig. 1 . The 2.71 bubble chamber has a diameter of 16 cm and a height of 10 cm [3] . It uses bright field illumination via a Scotchlite disc of 11 cm diameter glued to the piston, which determines the visible track length. The temperature can be controlled to -+0.1 K, the static pressure and the pressure drop during expansion to +0.05 and -+0.5 bar, respectively. The light pulses, produced by a two stage nitrogen laser (~---337 nm), passes through two windows and is deflected by a front surface mirror in the vacuum tank and a stainless steel mirror in the liquid. Absorption and diffusion in the two windows and on the mirrors account for the low transmission of ~10%, as The argon and nitrogen was condensed into the chamber by cooling with liquid nitrogen. The gas impurities, as guaranteed by the supplier, were <1 ppm H20, 0.3 ppm N2, 0.1 ppm 02 for argon and 1 ppm H20, 0.5 ppm 02 for nitrogen.
Results in argon and nitrogen
Bubble formation was observed over wide temperature ranges: from 113.7 to 135.5 K in argon and 100.4 to 113.5 K in nitrogen ( fig. 2 ). These ranges are wider than and including those for bubble formation by ionizing particles. Probably, laser induced bubble nucleation also occurs outside this temperature range, especially at lower temperatures.
With 2 ms flash delay, bubble diameters are similar to those obtained with ionising particles during earlier tests [3] and those theoretically expected for the lower temperature range. Maximum bubble diameters were 0.4 mm in argon and 0.7 mm in nitrogen. The These measurements demonstrate, that it is possible to create track diameters of ~1 mm over a length ofl m.
The bubble densities were typically 4 bubbles/cm in argon and 8 bubbles/cm in nitrogen, maximum densities 8 bubbles/cm in argon and 20 bubbles/cm in nitrogen.
A crude estimate of the absorption of the laser intensity in the liquid was obtained by measuring bubble densities in the first and last third of many tracks, i.e. at beam entry and beam exit. From the ratio of these counts we conclude that the absorption is <5% over 7.5 cm.
The dependence of bubble densities on laser intensity was measured by the insertion of neutral density filters. The average number of bubbles per track (11 cm) in argon at 122.6 K were: 42, 5.6 and <0.5 for filter transmission of 100, 50 and 20%, respectively. The dependence is, therefore, stronger than quadratic, almost cubic over this range.
In addition to the bubble track in the liquid, relatively strong bubble formation was observed on the bubble chamber window as well as on the Scotchlite, if the beam was moved to impinge on the latter. The diameter of these bubble clouds was twice as large as the diameter of the track in the liquid.
Results in hydrogen
In the Big European Bubble Chamber (BEBC), tracks of 3 m visible length were observed at 26 K, under normal operating conditions: static pressure = 5.3 bar, pressure drop = 3.8 bar, flash delay = 10 ms. With 2-5 bubbles/cm the tracks showed diameters of less than 2 mm, with 15-25 bubbles/cm diameters from 3.5 to 6 nun. The maximum laser energy transmitted to the liquid was 100/~J.
Discussion of the results
It is interesting to look into the bubble nucleation process in some detail. Bubble formation by ionizing particles proceeds basically in two steps: at first the liquid is heated locally by 5-electrons sufficiently to produce a bubble of radius greater than a critical value in a very short time (< 1 ns). The critical radius is determined by a balance of forces between the surface tension and the pressure difference between the vapour in the bubble and the liquid. Above the critical radius, the surface tension diminishes rapidly, and heat inflow from the surrounding liquid alone will sustain further bubble growth.
This second stage in the bubble growth should be identical for bubbles initiated by a laser beam. The first nucleation phase, however, most likely requires the presence of inhomogeneities like tiny solid absorption centres or solid surfaces [7] . This may be deduced from the following estimates. We will choose argon at To = 134 K with an expansion Pvapour (To) --Pmin = 13.5 bar for our calculations.
The critical radius rc is given by re = 2o/Ap = 75 )~ for a surface tension o = 5 X 10 -3 N/m. The minimum energy required to form a bubble with critical On the other hand, the presence of microparticles with strong absorption may explain the bubble formation [7] . From the measurement of approximately 10 bubbles/cm in a beam with 1 mm diameter, it follows that more than 103 absorber centres/cm 3 are required. With an impurity level of 1 ppm this leads to an average impurity diameter <10 /am. A black body of 10/am diameter would absorb some 101° eV from the laser beam (10 TM eV in ~) = 1 mm). Any process with an efficiency of >~10 -7 for converting this energy into evaporization of a critical bubble could, therefore, account for the observed bubble formation.
Short laser pulses -of the order of the heat diffusion time tD = 0.5 ns-are probably essential for efficient energy transmission to the bubble. This may explain at least partially, that a much lower pulse energy (10 /aJ) was required for bubble formation than in the earlier experiments (20-200 mJ producing a two orders of magnitude lower bubble density). These earlier experiments used freon, but this should not introduce a big difference, as the bubble formation energy is similar: 150 eV. In ref. 5 it was shown that the bubble formation was independent of the wavelength k for k > 400 nm. The lower wavelength used in our study should, therefore, not forbid a direct comparison.
Conclusions and outlook
The formation of long, thin bubble tracks in liquid argon, formed nitrogen and hydrogen promises to find various applications. As the bubbles are probably on tiny impurities, it is expected that similar results will be found in other liquids. In liquid argon various further studies are planned: comparison of simultaneous bubble formation by ionizing tracks and by laser beams; the production of electrons in the liquid (probably on the impurities) by the laser beam using a charge measuring device; and tagging of particle interactions using the scintillation signal from the interaction as trigger.
